Nanowire lasers are a special type of semiconductor lasers in which a semiconductor nanowire acts as the active medium and optical cavity. The dimensions are in the range of tens to hundreds of nm in diameter and a few to hundreds of µm in length. They can be grown as nearly defect-free single crystals, with distinct crystal planes as end facets that act as mirrors for the optical cavity. The light is confined in the nanowire, which acts as a wave guide and only supports certain modes. These modes are amplified through stimulated emission which leads to lasing. A unique property of nanowire lasers is that the laser threshold depends on the length and diameter of the wire. For the ZnO nanowires discussed in this paper a maximum output power of 0.65 mW was detected for optical pumping at 40 mW. The exact mechanism that causes lasing in ZnO is still under debate. Recent research has been focused on practical applications, to develop efficient and stable electrically pumped ZnO nanowire lasers.
Introduction
The first nanowire laser was observed by the group of Peidong Yang at Berkley university in 2001 [1] . They demonstrated lasing in ZnO nanowires at room temperature. Since then many different types of semiconductor nanowire lasers have been investigated. Semiconductor lasers are already widely used in all kinds of application and can be built on very small scale. Nanowire lasers are promising for even smaller applications. Due to their relatively simple, bottom-up production process they can be produced at low costs. This paper is focused on the first type of nanowire laser, made of ZnO. First some background information, required to understand the properties of ZnO nanowire lasers, is given. This consists of an explanation of semiconductor lasers, which work fundamentally different than other solid state and gas lasers, and a general description of nanowire lasers. In the next section some properties of ZnO are discussed and the results of several researches to ZnO nanowire lasers are presented. Finally some recent findings for application of ZnO nanowire lasers are briefly mentioned.
Background information 2.1 Semiconductor lasers
A semiconductor laser is a laser of which the gain medium consists of a semiconductor p-n junction. The laser can be pumped optically or electrically to get population inversion. Electrically pumped semiconductor lasers are called diode lasers and are widely used in all kind of applications. For the gain medium a direct bandgap material is required. Most often used are III-V or II-VI compound semiconductors.
A diode laser is electrically pumped by applying a forward bias to the p-n junction. Without the bias voltage a depletion region exists around the p-n junction, in which the diffusion of electrons and holes over the junction is in equilibrium with the diffusion potential. The external bias voltage reduces this potential and electrons and holes are injected in the conduction band and valence band respectively. This gives population inversion in a narrow region around the junction. This is called the active region, in which electrons and holes can recombine while emitting a photon. When this recombination happens through spontaneous emission, the properties are similar to that of a regular light emitting diode (LED). To get laser action, the light must be amplified through stimulated emission. To achieve this, the rate of stimulated emission must be larger than the rate of stimulated absorption, i.e. a photon has more chance to be amplified than to be absorbed. It can be shown that this the case when
where E Fc and E Fv are the Fermi energy levels of the conduction and valence band respectively, hν the photon energy and E g the band-gap energy. So photons with an energy between that of the band-gap and the difference in the Fermi levels will experience a net gain [2] . To achieve sufficient gain for laser action, many round trips through the medium are required. While in other types of lasers highly reflective mirrors are required to build a Farby-Pérot optical cavity, semiconductor lasers often have no mirrors. Instead, the semiconductor crystal is cleaved along well-defined crystals planes perpendicular to the cavity. Because the refractive index is usually much higher than that of the surroundings (air), a sufficient amount of the light is reflected from the ends to achieve an optical cavity. In addition a highly reflec- Figure 1 : Schematical illustration of a diode laser [2] tive coating can be applied to increase reflectivity. It can be shown, that gain is optimized by increasing the photon density. In addition to the resonator cavity, photon density is also increased in a semiconductor laser by confinement in the active region. A thin layer of undoped active material is put between the p-and n-doped materials and by tuning the relative band-gaps, photons and electrons are confined in the active material. A schematic illustration of the layout and components of a typical semiconductor laser are shown in fig. 1 [2].
Nanowire lasers
Nanowire lasers are based on the same working principle as the general semiconductor laser as described in the previous section. What makes it a nanowire laser is the shape of the semiconductor material that forms the optical cavity: a diameter of tens to hundreds of nanometres and the length ranging from a few to hundreds of microns. With this size range quantum confinement usually does not play a role (opposed to quantum wires) but for the optical properties the dimensions are important. The high contrast in refractive index of the nanowire (usually in the range 2.5-3.5) and air makes them good optical wave guides. The light travels back and forth, confined in transverse direction, and reflected at the ends. Because nanowires are relatively easily grown as a single crystal through for example vapour transport, no cleaving of the ends is required and nearly defect-free ends can be obtained [3] . The fabrication of nanowire lasers is much simpler compared to the multi step, top-down process in which a conventional semiconductor laser is produced. The nanowire acts both as the optical resonator and the gain medium and can be grown in one bottom up process [4] . Although most common semiconductor lasers are electrically pumped, this has turned out to be difficult to achieve in nanowires. Therefore the description of lasing action in nanowires in the the following will be based on optical pumping. The threshold for laser action is when the round-trip gain Γ gth equals the round-trip losses α:
where the losses are split up in the waveguide losses α w and the mirror losses α m , which depends on cavity length L and mirror reflectivity R. While in conventional semiconductor lasers the wave guide losses dominate, the opposite is the case for nanowire lasers. Due to the very small length of the nanowire and smaller reflection coefficient α m α w . This leads to an important and unique property of nanowire lasers: the threshold gain depends on the nanowire length and diameter. The length dependence is clear from eq. (2), but there is also a strong diameter dependense through R. The diameter of the nanowires is on the order of the wavelength of the light. This causes large diffraction losses at the end facets, because the light extends outside of the nanowire. This part of the light is not reflected, and thereby the reflectivity R depends on the diameter [5] . In addition a threshold for the nanowire diameter was found by Zimmler et all. [5] , who showed that for ZnO nanowires with a diameter below 150 nm no lasing was achieved, independent of the length of the nanowire.
ZnO nanowire lasers
The first laser action in a nanowire was demonstrated with zinc-oxide nanowires. Since then much research has been performed on both further understanding of the ZnO nanowires and on making nanowire lasers of other types of materials. This section will focus on ZnO nanowire lasers. First some properties of ZnO and why it is a suitable material for nanowire lasers are discusses. This is followed by a summary of the results of some more recent researches to ZnO nanowire lasers and the specific properties found. The section ends with a rough calculation on the power output.
Properties of ZnO
The underlying principle of laser action in ZnO nanwires is not easily explained and actually still under debate. In [6] Vanmaekelbergh and van Vugt propose that at weak optical excitation and low temperature luminescense comes from excitonic recombination, while at intense excitation and increased temperature the excitons are split and the material is better described by a plasma of holes and electrons. Here the focus will be on the excitonic recombination. ZnO is known for its remarkably high exciton binding energy of 60 meV [1] , more than twice that of most other III-V and II-IV compounds. The exciton binding energy is larger than the thermal energy at room temperature (∼25 meV), so at room temperature still most electrons and holes will be bound together. This is a favorable situation for laser action, because it leads to a narrow band width. Free electrons and holes have a wide range of energies above and below the band gap over which they can decay, which leads to a broad spectrum. The formation of an exciton creates a more discrete energy level just below the band gap energy, shifted by the exciton binding energy. The only broadening in the resulting spectrum comes from kinetic energy of the excitons, which is reduced by the spatial confinement in a nanowire [7] . The result is a high density of states near the band gap edges [8] . The combination of high exciton binding energy and exciton confinement can explain the very sharp emission peak of ZnO nanowire lasers at room temperature. A more detailed description including polarization and the situation of intense excitation can be found in [6] .
Lasing action
The group of Zimmler has done some elaborate research on the characterization of single ZnO nanowire lasers, of which some results will be presented here [9] . Nanowires with diameters ranging from 100 to 400 nm and lengths up to 100 µm were grown and dispersed on a Si/SiO 2 substrate. The nanowires were pumped with the third harmonic of a Nd:YAG laser of 355 nm. Measurements on a single nanowire were done at different pumping intensities, to investigate the laser threshold. At each intensity the spectrum and the total optical power emitted by the nanowire were measured and a CCD image was taken to visualize where the light was emitted. The results are shown in fig. 2 . The characteristics of the transition from spontaneous emission to laser action can be clearly identified in this experiment. The first regime, I ex ≤ 200 kW cm −2 , is below the laser threshold and only spontaneous emission is present. This is characterized by the broad and featureless spectrum at the bottom of fig. 2a with a full-width at half-maximum (FWHM) of 19.3 nm, the light being emitted isotropically along the nanowire at the bottom of fig. 2b and a linear dependence of the optical power on excitation intensity in fig. 2c . In the next regime, for 200 kW cm −2 I ex ≤ 300 kW cm −2 population inversion starts to built up. This gives rise to amplified spontaneous emission (ASE), which causes sharp peaks with FWHM < 0.4 nm on top of the broad emission spectrum( fig. 2a middle) . The ASE corresponds to longitudinal modes of the nanowire and causes enhanced emission from the nanowire ends, as visible in fig. 2b middle. The increase in optical power is superlinear with pump intensity in fig. 2c . Above the laser threshold, for I ex ≥ 300 kW cm −2 the sharp peaks are two orders of magnitude larger than the broad spectrum and strong emission from the nanowire ends is observed. In this regime the optical power is again linear with pumping intensity, and concentrated in the emission range of 385 to 390 nm. In fig. 2d the same data are plotted as in c, now on a loglog scale. The fit to the data is based on a multimode laser model. From this the laser threshold was calculated Same data as in (c) plotted on a log-log scale. Open circles in (c) and (d) correspond to the spectra in (a) [9] to be 270 kW cm −2 . However this threshold is not as strong as that in other lasers, because of the small cavity volume and the relatively high contribution of spontanuous emission. The CCD image in fig. 2b is taken from the top. To measure the output power of the nanowire laser, the beam in the direction of the nanowire has to be detected. This was done by [9] , in a so called 'head-on' geometry, on a 17 µm long and 244 nm diameter ZnO nanowire. The results are shown in fig. 3 , where the insert shows a scanning electron microscope (SEM) image of the sample. The collection efficiency is 10%, so a maximum optical power output of around 0.65 mW was achieved for a pump power of 40 mW. The minimum output above the laser threshold is less than 0.15 mW. 
Size dependence
The results discussed above are all obtained from a single nanowire. Interesting is to see how the properties change with nanowire diameter and length. As already mentioned in section 2.2, it was observed that for diameters below 150 nm no laser action could be obtained, independent of the nanowire length. It can be shown that due to diffraction the intensity of the mode inside the nanowire decreases rapidly for diameters below 150 nm, with already less than 1% left for a diameter of 100 nm [9] . Figure 4 shows the results of measurements on nanowires of different lengths. On the right the mode spacing versus nanowire length is plotted and fitted with a linear relation. For a Fabry-Prot cavity the mode spacing is given by
For a fixed wavelength, the mode spacing is expected to be proportional to 1/L. The right of fig. 4 shows indeed a linear relation, and the fit gives dn/dλ = -0.012 nm
for λ = 385 and n = 2.4. This is reasonably close the value given for ZnO in literature of -0.015 nm −1 , which shows that mode spacing is indeed consistent with the cavity length.
Saturation
In [10] the saturation behaviour of ZnO nanowire lasers was investigated. Saturation was observed at a intensity around 3-5 µJ/cm 2 . The absorption cross-section is given to be 4·10 −18 cm 2 , which would lead to a saturation fluence Γ s = hν/σ of 0.1 J/cm 2 . This difference of 5 orders of magnitude shows that the theory used to The fit extrapolates to 0 nm spacing for infinite length [9] calculate the latter value is not applicable. This can be attributed to the earlier mentioned debate about the nature of the luminescence. Between the threshold intensity and the saturation intensity, there is likely a transition from exciton-exciton to electron-hole plasma dominated gain. In a more recent research into the influence of temperature and excitation intensity, it was shown that many effects play a role. Saturation could not be identified for a certain intensity, because new emission lines start to appear when the initial one saturates [9] .
Modes
The nanowire is both the gain medium and the optical cavity. For the latter one it acts as a wave guide. A wave guide supports only certain modes, which are already mentioned in section 3.3. ZnO nanowires have a hexagonal cross section. For mode calculations this can by approximated with cylindrical symmetry. This gives a fundamental mode along the transverse axis, indicated with HE 11 that is linearly polarized [11] . Below the cut-off diameter, this is the only mode present. For the ZnO nanowires this cut-off diameter is 100 nm. Above the cut-off diameter a single transverse mode is observed and above a diameter of 130 nm higher order transverse modes become possible. Since lasing ZnO was only observed for diameters above 150 nm, higher order modes will also be contributing. For an cylindrical optical cavity the number of bound transverse modes is approximated by
where r is the radius of the cross-section and n the refractive index of the material [10] . For a nanowire with a Figure 5 : Reflection coefficient as a function of nanowire diameter of various lowest-order modes of a ZnO nanowire lying on a silica substrate [9] diameter of 200 nm, lasing at 385 nm this gives 4 bound modes. The exact calculation of these modes is complicated, especially because of the strong interaction between the excitons and the electromagnetic modes [6] , and is beyond the scope of this paper. Further analysis of these modes can be found in [11] , [6] and [9] (nanowires on a substrate). In addition to the modes that do fit in the wave guide, also poorly supported modes contribute to the lasing in nanowires. Due to the relatively low reflectivity of the nanowire end facets, the light makes only a few round trips in the cavity before it escapes. This is not enough to have complete destructive interference of poorly supported waves. The effect is a broadening of the peaks in the laser spectrum [8] .
In [9] also the reflectivity of the first few modes was calculated. The results are shown in fig. 5 . This confirms clearly the earlier mentioned observation that nanowires with a diameter below 150 nm cannot overcome the laser threshold, which can indeed be attributed to large mirror losses. Only the fundamental HE 11 mode is reflected, with less than 20%. At larger diameters other modes show up, of which the TE 01 mode has by far the largest reflection coefficient. It is almost twice as large as any of the other modes, so this mode will be dominant in lasing.
Power calculation
In section 3.2 the maximum output power for a specific nanowire laser was given. A rough calculation will follow to see what this power means for the inversion and decay rates. The nanowire has a diameter of 244 nm and a length of 17 µm. This gives a volume of
ZnO has a density of 5.61 g/cm 3 and a molar mass of 81 g/mol. This means that there are in total 3.32e10 'pairs' of ZnO atoms in this nanowire. To have inversion, at least half of them, 1.66e10, must be in excited state. The laser emits around a wavelength of 385 nm, which gives a photon energy hν of 5.16e-19 J. An output power of 0.65 mW requires 126e10 photons per second. This is about two orders of magnitude more than the total number of atoms, implying that each atom is absorbs and emits multiple times per second. Although 0.65 mW of light power is very small compared to most common lasers and other light sources, the human eye can very well detect this, although not necessarily at this short wavelength. For a wavelength of 555 nm it has been shown that a humen eye can detect on the order of magnitude of 10 −18 W [12] .
Recent Experiments
When nanowire lasers were first discovered, they seemed very promising for many applications. However, there have been many obstacles that prevented large scale application so far. The main problems lie in the dificulty with electrical pumping, the efficiency and of course costs [4] . A group at the University of California, Riverside Brouns College of Engineering, claimed they did some break-through discovery on ZnO that could overcome these problems [13] . ZnO is a potentially promising material, because of its lower costs, higher power ans shorter wavelengths compared to the more commonly used GaN compound. The main problem was the lack a proper p-type doped ZnO material. The solution was a homojunction of p-type Sb-doped ZnO nanowires on a n-type ZnO film wich resulted in stable and efficient laser action. To obtain ZnO nanowires on a ZnO film two growth techniques where smartly combined, having the best of both worlds. A high quality thin film is obtained with plasma assisted molecular beam epitaxy, while a fast grow speed of high quality nanowires is achieved with chemical vapor deposition. The thin film was grown on a sapphire substrate and the nanowires were grown perpendicular to this substrate. To enable electrical pumping in the laser device, a layer of indium tin oxide was put on top. Upon electrical pumping light emission starts at the p-n junction, i.e. the interface of the ZnO film and the nanowires. Above the threshold of around ∼48 mA light is emitted strongly from both ends, indicating longitudinal lasing modes inside the wire. The laser device needs to be optimized further, but as a proof of concept this electrically pumped ZnO nanowire laser device seems promising.
